EBV is a paradigm for human tumor viruses because, although it infects most people benignly, it also can cause a variety of cancers. Both in vivo and in vitro, EBV infects B lymphocytes in G0, induces them to become blasts, and can maintain their proliferation in cell culture or in vivo as tumors. How EBV succeeds in these contrasting cellular environments in expressing its genes that control the host has not been explained. We have genetically dissected the EBV nuclear antigen 1 (EBNA1) gene that is required for replication of the viral genome, to elucidate its possible role in the transcription of viral genes. Strikingly, EBNA1 is essential to drive transcription of EBV's transforming genes after infection of primary B lymphocytes.
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transcriptional regulation ͉ high-mobility group A protein ͉ HMGA1a E pstein-Barr virus (EBV) is a human pathogen causally associated with multiple lymphomas and carcinomas. EBV differs from other human tumor viruses, such as the papillomaviruses, in that it initially infects nonproliferating B lymphocytes and induces and maintains their proliferation. EBV, therefore, needs to express its transforming genes in markedly different cellular environments. We sought to determine how EBV accomplishes these early phases of its life cycle and found that one viral protein, EBV nuclear antigen 1 (EBNA1), is essential for regulating the transcription of EBV's transforming genes.
In general, neither cells infected with EBV in vitro, nor its associated tumor cells, support the productive cycle of the virus. Rather, the viral genome is maintained in these cells stably as a plasmid and expresses few of its genes. In all infected cells that proliferate in vitro or in vivo, EBNA1 is expressed and maintains replication of the viral plasmid by (i) fostering origin recognition complexes that bind specifically to plasmid origins of DNA synthesis and (ii) retaining replicated plasmids in the proliferating host cell (1) . EBNA1 also can affect transcription. Some of the analyses that have identified EBNA1 as a regulator of transcription may reflect EBNA1's ability to bind introduced DNA templates and conduct them into the nucleus (2); other analyses do measure either EBNA1's increase in transcription of integrated templates (3) or an inhibition of a transfected template (4) . What is unknown is whether EBNA1's transcriptional activities contribute to the EBV life cycle. We have addressed this uncertainty by introducing defined mutations into EBNA1 within EBV's 165-kbp genome and analyzing B cells infected with these recombinant viruses. One such mutation, which supports plasmid replication as does wild-type EBNA1, fails to support the use of a promoter required to express EBV's transforming genes. Our analyses identify EBNA1 as a regulator of transcription of EBV's viral genes and, thus, the transformed phenotypes they induce.
Results

A Deletion of UR1 in EBNA1 Is Defective for Maintaining Proliferation
of Infected B Cells. Two deletions were introduced into EBNA1 in maxi-EBVs, which are F-plasmids containing the intact viral genome in Escherichia coli. These deletions separately removed the unique sequences within the two linking regions of EBNA1. Previous analyses have implicated these linking regions as contributors to both the transcriptional and replicational activities of EBNA1 (5). These linking regions both contain runs of glycine and arginine residues and two unique stretches, UR1 (residues 65-89) and UR2 (residues 359-369). We deleted the unique sequences within EBNA1's linking regions to ascertain their possible contribution to EBNA1's functions (Fig. 1A) . The mutated maxi-EBVs, as F-plasmids, along with one encoding wild-type EBV, were introduced into 293 D cells to generate viral stocks (6) . All three plasmids were maintained in these human cells in culture, indicating that the mutant derivatives of EBNA1 were similarly competent in their support of EBV's plasmid replication (data not shown). Stocks of the three viral strains, 3168 (⌬UR1-EBNA1), 3169 (⌬UR2-EBNA1), and 2089 (wild-type EBV), were generated, titered on Raji cells because each strain was capable of encoding GFP, and used to infect primary B cells. Strain 3169 (⌬UR2-EBNA1) was identical to 2089 (wild-type) in its efficient induction and maintenance of proliferation of B cells, indicating that neither a deletion of UR2 nor the shortened glycine͞alanine repeats (shared by both the mutant viruses) affect transformation. Strain 3168 (⌬UR1-EBNA1), however, had 0.1% of wild-type EBV's transforming ability (Fig. 1B) .
To characterize the defect in 3168 (⌬UR1-EBNA1), we analyzed newly infected B cells for their ability to undergo DNA synthesis, as measured by incorporation of BrdU, and for their viability, as measured by their forward and side light-scattering characteristics. Three viral strains were used in these analyses at a multiplicity of infection of 0.1: 3168 (⌬UR1-EBNA1), 2089 (wild-type EBV), and 2491 (EBNA2 Ϫ ). The 2491 (EBNA2 Ϫ ) strain serves as a negative control because B cells infected with this strain, as well as uninfected B cells, fail to enter the cell cycle and die by apoptosis as early as 5 days post-infection (p.i.) (7) . The analyses measuring incorporation of BrdU followed both uninfected and infected cells in each population and demonstrated that the populations infected with 3168 (⌬UR1-EBNA1) and 2089 (wild-type EBV) had cells in S phase as early as 5 days p.i., whereas the uninfected cells or cells infected with 2491 (EBNA2 Ϫ ) never had cells in S phase (Fig. 2A) . The analyses measuring forward and side light-scattering focused on the GFP ϩ infected cells and revealed that cells infected with 2089 (wild-type EBV) began and remained in a proliferating state, those infected with 2491 (EBNA2 Ϫ ) failed to proliferate, and those infected with 3168 (⌬UR1-EBNA1) paralleled those infected with wild-type EBV through day 5 p.i. but gradually withdrew from the proliferative cycle thereafter (Fig. 2B and Fig.  6A , which is published as supporting information on the PNAS web site). The fraction of cells infected with 3168 (⌬UR1-EBNA1) and 2491 (EBNA2 Ϫ ) strains having a subG 1 content of DNA increased to 35% and 89%, respectively, by day 12 p.i., indicating that these infected cells were likely dying apoptotically (Fig. 2B) . Thus, B cells infected with EBV in which EBNA1 lacks UR1 do enter the cell cycle but soon withdraw from it and die.
To reveal mechanistically the defect in cells infected with 3168 (⌬UR1-EBNA1), we tested the ability of the ⌬UR1-EBNA1 derivative to support plasmid replication and the ability of the rare (0.1% of wild-type levels) cells that do proliferate after infection with 3168 (⌬UR1-EBNA1) to express viral proteins. ⌬UR1-EBNA1 supports the stable replication of plasmids with EBV-derived plasmid origins oriP and 8ϫ Rep* as efficiently as does ⌬UR2-EBNA1 (Table 1) . Eight clones of B cells infected with 3168 (⌬UR1-EBNA1) or 3169 (⌬UR2-EBNA1), after proliferating for more than 25 generations, maintained EBV DNA extrachromosomally (Fig. 3A) and expressed those viral The cell cycle status of the entire population of infected and uninfected primary B cells was determined with the thymidine analogue BrdU, which was added for 2 h before FACS analysis. The cells were stained with an APC-coupled BrdU-specific antibody, and the cellular DNA was counterstained with the DNA intercalating dye 7-AAD. Cells were analyzed for G 1, S, and G2͞M phases of the cell cycle and for subG 1 DNA content. FACS analyses were performed until a total of 3 ϫ 10 4 cells were collected and set to 100%. Uninfected cells and cells infected with the EBNA2 Ϫ mutant 2491 EBV did not enter the cell cycle and became apoptotic by day 5 p.i., as indicated by their subG 1 DNA content. Cells infected with the ⌬UR1-EBNA1 mutant EBV initially entered the cell cycle, as indicated by a small fraction of cells in S phase, but later ceased to proliferate. (B) To exclude cellular debris, the EBV-infected cells were gated for forward and sideward scatter, and only GFP ϩ cells within the lymphocyte gate were considered for analysis. Wild-type 2089 EBV induced progression in the cell cycle as early as 24 h p.i., and the fraction of cells in S or G 2͞M phase increased from that time point onward. Primary B cells infected with 3168 (⌬UR1-EBNA1) were indistinguishable from wild-type EBV-infected cells until day 5 p.i. At days 8 and 12 p.i., the majority of ⌬UR1-EBNA1 EBV-infected cells ceased to proliferate, and the fraction of cells with a subG 1 DNA content increased considerably. Cells infected with the EBNA2 Ϫ mutant 2491 EBV did not enter the cell cycle and became increasingly apoptotic, as indicated by their subG 1 DNA content. One representative experiment of three is shown.
proteins characteristic of EBV's latent phase of infection, as did clones infected with wild-type EBV (Fig. 3B ). Although clones of cells infected with 3168 (⌬UR1-EBNA1) had fewer viral plasmids per cell, all did maintain viral DNAs extrachromosomally. Clearly, the ⌬UR1 derivative can support plasmid replication, and cells infected with 3168 (⌬UR1-EBNA1) can, under some circumstances, express all of the EBV proteins required for the initiation and maintenance of proliferation of infected B cells.
⌬UR1-EBNA1 Is Defective for Supporting Transcription from the Bam C Promoter (Cp).
RNAs encoding EBV's six nuclear antigens are known to be expressed immediately after infection from the Bam W promoter (Wp). This promoter usually ceases to function within days as the cells differentiate into blasts and divide, and a second promoter, the Bam Cp, begins to support expression of these genes (8-10). It is not known how Wp is regulated in infected primary B cells, but transfection experiments in EBVnegative B cell lines indicate that CREB͞ATF factors regulate Wp positively (11) . Similarly, it is not known how Cp is regulated in infected primary B cells, but transfection experiments in both EBV-negative and -positive B cell lines indicate that multiple cellular factors affect Cp and that EBNA1, cellular Sp1, and NFY may positively regulate Cp together (12) (13) (14) (15) . We assayed whether this change in promoter function occurs in cells infected with 3168 (⌬UR1-EBNA1), 3169 (⌬UR2-EBNA1), and 2089 (wild-type EBNA1). Primary B cells were infected with the different viruses at a multiplicity of infection of 0.025. RNAs were isolated from these cells at different times, reversetranscribed, normalized to the levels of GFP RNAs expressed from the human cytomegalovirus immediate early promoter present in each of the recombinant EBVs, and assayed for the promoters from which they were expressed. B cells infected with all three viruses expressed viral RNAs originating from Wp within 16 h p.i.; RNA expression diminished to undetectable levels by 8-10 days p.i. (Fig. 4) . B cells infected with 3169 (⌬UR2-EBNA1) and 2089 (wild-type EBV) began to express detectable levels of RNAs from Cp 3 days p.i. and continued to do so throughout the course of the experiment (Fig. 4) . Cells infected with 3168 (⌬UR1-EBNA1) failed to express RNAs from Cp. The UR1 domain of EBNA1 appears critical for expression of viral transcripts from Cp in most newly infected, proliferating B cells. In those rare cells infected with 3168 (⌬UR1-EBNA1) that survived to proliferate, both Wp and Cp were found to support transcription of EBV's transforming genes (data not shown), indicating that these promoters were competent to function given the appropriate cellular environment.
UR1 Restores Transformation to EBV Carrying a Defective Derivative
of EBNA1. A derivative of EBNA1 in which the first 378 of its residues are substituted with HMGA1a has been found to support the replication of plasmids carrying EBV's origin of plasmid replication, oriP (16), but not the transcription of reporter plasmids regulated by wild-type EBNA1 (Fig. 5A) . We introduced this derivative of EBNA1 into two independent recombinant maxi-EBVs, 3199 (HMGA1a:EBNA1) and 3453 (HMGA1a:EBNA1), and found that they replicated as plasmids in 293 cells (data not shown). Virus stocks were generated from these 293 clones and used to infect primary B cells. Neither virus stock supported the initiation and maintenance of proliferation of the infected cells (Fig. 5B) . Four copies of UR1 were inserted into the HMGA1a:EBNA1 derivative. This fusion, which sup- ports the transcription of reporter plasmids, as does wild-type EBNA1 (Fig. 5A) , was introduced into a maxi-EBV, 3442.1 (HMGA1a:UR1 4 :EBNA1) (Fig. 5A ). This recombinant was introduced into 293 cells, and virus stocks were generated and used to infected primary B cells. The introduction of four copies of UR1 into the otherwise transcriptionally defective derivative of EBNA1 restored the ability of the recombinant EBV to transform primary B cells (Fig. 5B) . Thus we conclude that the UR1 domain of EBNA1 is essential for expressing EBV's transforming genes that allow infected B cells to maintain their proliferation (Fig. 6B ).
Discussion
EBV is recognized for the efficiency with which it infects resting human B cells in vitro and induces and maintains their proliferation. These in vitro activities likely contribute to the malignant B cell proliferative diseases with which EBV is associated in vivo (17) . How EBV can express its functions necessary to subvert the growth control of a resting B cell host and continue to express those functions required to maintain proliferation in a differentiated, proliferating blast has remained enigmatic. Our directed mutational study of EBNA1 has now identified it as being essential for ensuring the transcription of EBV's transforming genes in proliferating B cells.
EBNA1 binds to two clusters of sites in the EBV genome, which together constitute an origin of viral plasmid replication oriP. EBNA1's binding of this origin is needed to recruit the origin recognition complex, in order to initiate licensed DNA synthesis and maintain the viral plasmid in proliferating cells (1) . Our experiments demonstrate that EBNA1 has an additional, transcriptional role in the EBV life cycle. Deletion of the 25 residues that make up a unique sequence (UR1) within linking region 1 of EBNA1 (Fig. 1 A) compromises neither EBNA1's support of replication of small plasmids (Table 1) nor of intact EBV (Fig. 3A) , but abrogates EBNA1's ability to support transcription from EBV's BamHI Cp (Fig. 4) and thus the ability of EBV to transform resting B cells into long-term proliferating blasts (Figs. 1B and 6 ). UR1 is necessary for this transcriptional function of EBNA1 (Fig. 5A) . Studies with chimeric derivatives of EBNA1's DNA-binding domain and the cellular protein HMGA1a, plus or minus UR1, indicate that UR1 also is sufficient for this function when directed to sites in DNA bound by EBNA1 (Fig. 5B) .
These findings provide a framework for describing the regulation of EBV's transforming genes from the initial infection through the establishment of long-term proliferation of its host B cell. EBV, upon infecting a resting primary B lymphocyte, encounters a transcriptional environment in which its BamHI Wp supports transcription. It is possible that the virus particle brings with it a protein that contributes to this environment, EBNA1 for example. The viral DNA template is regulated by this environment as well and must be bound by histones not present in the particle to establish the appropriate chromatin. Wp may function before formation of the chromatin that mediates transcription from Cp to yield the transcripts expressed initially (Fig.  4) . These viral transcripts encode EBV's transforming proteins, including EBNA1 and EBNA2, or encode viral proteins (e.g., EBNA2) that drive expression of other viral transforming genes such as LMP1 and LMP2 (reviewed in ref. 18 ). EBNA2 can also promote expression from Cp (19) . LMP1 and other viral transforming genes foster the transcription of a bevy of cellular genes, including c-myc, and additional transcriptional regulators that define the phenotypes of a proliferating B cell (20) . Either EBNA1 when first synthesized binds FR to activate the BamH1 Cp, or other newly expressed cellular proteins bind UR1 of EBNA1 and support transcription at Cp either directly or indirectly by allowing expression of other factors that act at Cp. This change in usage of promoters is required because Wp becomes inactive shortly after infection, presumably because one or more factors expressed in undifferentiated, primary B cells needed for Wp to function are no longer expressed in the differentiated proliferating blast or because alterations in the chromatin state of the viral genome abrogate Wp activity.
The recognition that EBNA1 is required both for replication of the EBV genome and for expression of its transforming genes links EBV's DNA synthesis and transcription mechanistically and positionally. This one viral protein, whose cis-acting elements are clustered in 3% of the viral genome, contributes to these activities. EBV shares this mechanistic and positional linkage with human tumorigenic papillomaviruses, which also contain a cluster of cis-acting sites required for both viral DNA replication and transcriptional control (reviewed in ref. 21 ). Human tumorigenic papillomaviruses encode two proteins, E1 and E2, that mediate these activities, whereas EBNA1 combines these activities within itself. This combination makes EBNA1 a particularly desirable target for the development of antiviral, antitumor drugs.
Materials and Methods
Plasmids. Recombinant plasmids, which carry the different EBNA1 alleles, were cloned by conventional techniques. The coding sequence of HMGA1a was amplified from a cDNA library and fused in phase to amino acid coordinate 379 of EBNA1 to construct the HGMA1a:EBNA1 chimera in the plasmid p2679.3. To design the HMGA1a:UR1 4 :EBNA1 triple fusion, a 159-bp oligonucleotide fragment containing the UR1 domain of EBNA1, f lanked by artificial linking domains [(SG 4 ) 2 ], was cloned into pCR2.1 (Invitrogen, Carlsbad, CA) to yield the plasmid p3329.2. A tetramer of this UR1 fragment was cloned between the HMGA1a domain and the DNA-binding domain of EBNA1 in the plasmid p3437.14. All critical parts of the coding regions of the EBNA1 alleles were confirmed by sequencing, and DNA sequences of all plasmids are available upon request.
Construction of Viral Mutants. The EBNA1 mutants were constructed based on the wild-type B95.8 EBV strain cloned into the F-factor plasmid p2089 (22) . The different EBNA1 alleles were introduced with the chromosomal building strategy (23), as described in a recent review (24) . The 2491 EBNA2 Ϫ and the 2828 EBNA1 Ϫ mutant EBVs are published in refs. 7 and 25. The genetic compositions of the modified EBV genomes were verified by restriction enzyme analysis, Southern blot hybridization, and partial DNA sequencing. Details for the generation of all EBV mutants are available upon request.
Preparation and Quantification of Infectious Viral Vector Stocks. Cell lines were established after individual transfection of the maxi-EBV DNAs into 293 cells and subsequent selection with hygromycin, as described in ref. 26 . To obtain virus stocks, the cell lines were transiently transfected with expression plasmids encoding BZLF1 (27) and BALF4 (6) to induce EBV's lytic cycle. Four days p.i., supernatants were harvested and filtered through 1.2-m pore filters. The different EBV vector stocks were quantified by infection of Raji cells, as described in ref. 7 . Briefly, 3 ϫ 10 5 Raji cells were incubated at 37°C in 24-well cluster plates with different dilutions of the virus stocks to be analyzed. The absolute number of GFP ϩ cells was determined by UV microscopy in a defined fraction of the total Raji cell population 4 days p.i., to yield green Raji cell units (GRUs).
Isolation, Separation, and Infection of Primary B Lymphocytes. Human primary mononuclear cells were isolated from adenoids, depleted of T cells by rosetting with sheep erythrocytes, and purified by Ficoll-Hypaque density-gradient centrifugation. The cell population was further depleted of monocytes by plastic adherence for 1 h. To quantify the efficiency of growth transformation with the different virus stocks, 3 ϫ 10 5 human primary B lymphocytes per well were seeded in 96-well cluster plates on lethally irradiated WI38 human fibroblast feeder cells and infected, using serially diluted virus stocks, with 2089 wild-type EBV and the different viral mutants in a total volume of 100 l, as described in ref. 7 . Forty-eight wells were infected with each single virus dilution. A 50-l portion of medium was exchanged every week for fresh medium, and the number of wells with proliferating cells was determined 6 weeks p.i. The infection experiments with different viral mutants were performed independently at least in triplicate.
Gardella Gel and Immunostaining. Gardella gel hybridizations were done as described in ref. 25 . Antibodies directed against LMP1 (CS1-4; DAKO, Carpenteria, CA); EBNA3A, C (a kind gift of Martin Allday, Imperial College London, London, U.K.); EBNA1, LMP2A, and EBNA2 (1H4, 14B6, and R3 ϩ 1E6; a kind gift of Elisabeth Kremmer, GSF-Institute of Molecular Immunology, Munich, Germany); and ␤-actin (I-19, sc-1616; Santa Cruz Biotechnology, Santa Cruz, CA) were used for immunostaining of Western blot membranes, which were developed by using peroxidase-coupled secondary antibodies (Promega, Madison, WI) and ECL reagent (Amersham Pharmacia, Piscataway, NJ).
